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Kunitz-type soybean protease inhibitorMiraculin, a glycoprotein that modiﬁes sour tastes into sweet ones, belongs to the Kunitz-type soy-
bean trypsin inhibitor (STI) family. To clarify the functional relation of miraculin with Kunitz-type
STIs, we investigated its subcellular localization and trypsin inhibitory activity. In transgenic Arabid-
opsis thaliana, miraculin, fused to yellow ﬂuorescent protein, localized to and outside the plasma
membrane depending on the putative secretion signal peptide. When transgenic seedlings were cul-
tured in liquid medium, miraculin was present in the supernatant only after cellulase treatment. No
trypsin inhibitory activity was detected in native or recombinant miraculin. In conclusion, miracu-
lin is secreted outside the plasma membrane through the function of a signal peptide, conserved in
Kunitz-type STIs, whereas its trypsin inhibitory activity may be lost during its evolution.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction expressed in lettuce [7] and tomato [8] plants, and in the microbeMiraculin, a glycoprotein isolated from the red berries of
Richadella dulciﬁca, a native shrub of West Africa, has a taste-mod-
ifying activity that converts sour tastes to sweet ones in primates
[1]. Because its physiological effect is unique and marked, the berry
has been called ‘‘miracle fruit,’’ hence, the protein name ‘‘miracu-
lin.’’ The acid-induced sweetness of miraculin was predicted by
molecular docking techniques [2], and suggested to be involved
in human sweet taste receptor by a cell-based assay system [3].
Based on its primary structure, miraculin is classiﬁed into the
Kunitz-type soybean trypsin inhibitor (STI) family, in which the
Kunitz motif, a putative amino-terminal signal peptide, and the
positions of several Cys residues are conserved (Fig. 1A). Like other
family members, miraculin undergoes several maturation pro-
cesses, including glycosylation, removal of the signal peptide, and
disulﬁde bond formation. Mature miraculin consists of 191 amino
acid residues and oligosaccharides, with a carbohydrate content of
13.9% [4–6]. Glycosylation is observed in recombinant miraculinAspergillus oryzae [9], but it is not essential for the taste-modifying
property of miraculin [10]. Mature miraculin contains seven Cys
residues forming three intra-chain disulﬁde bridges and one in-
ter-chain disulﬁde bridge at Cys-138 [11]. Of these, two of the in-
tra-chain disulﬁde bridges are largely conserved in the Kunitz-type
STI family, but the inter-chain disulﬁde bridge is found only in mir-
aculin (Fig. 1A). Miraculin forms a homodimer, which is essential
for its taste-modifying effect [10], while other members of the Ku-
nitz-type STI family occur as monomers.
The similarity in protein structure between miraculin and other
Kunitz-type STI family members [12,13] indicates their common
evolutionary origin. Protease inhibitors have been isolated and
identiﬁed from a broad range of plant species, and seem to be essen-
tial for the regulation of seed maturation and germination, and for
natural immunity against predators and pathogens [14]. Of these,
Kunitz-type STIs have been reported to localize to the apoplast,
including the cell wall compartment [15,16], and to act defensively
as inhibitors against proteases of predators and pathogens. There
are severalmiraculin-like proteins found in tomato [17], rough lem-
on [18] and coffee [19], all of whichwere reported to have defensive
function against pathogens and environmental stress. To clarify
howmiraculin is functionally related to Kunitz-type STIs, we inves-
tigated its subcellular localization and trypsin inhibitory activity.
To determine the subcellular localization of miraculin, we
introduced a transgene encoding miraculin fused with yellow
AB
Fig. 1. Amino acid sequences of miraculin and Kunitz-type STIs and structure of the miraculin–YFP fusion protein. (A) Sequence alignment of miraculin (BAA07603) and
Kunitz-type STIs from Glycine max (AAF87095), Nicotiana tabacum (ACL12055), and Populus tremula (CAI77898). The miraculin signal sequence (1–29), Kunitz motif, and Cys
residues are indicated. (B) The structure of the T-DNA and miraculin transgenes introduced into A. thaliana is schematically illustrated. The T-DNA is shown in the upper area
as a horizontal line with boxes. RB and LB indicate right and left borders of the pBI121 T-DNA, respectively. NPTII indicates the kanamycin resistance gene for the selection of
transgenic plants. 35S and T indicate the 35S promoter and the transcriptional terminator for transgene expression, respectively. Positions of Xbal and Sad sites used for the
cloning of miraculin transgenes are shown as thin vertical lines. Three miraculin transgenes are shown below the T-DNA, in which boxes marked as S, Miraculin, and YFP
indicate DNA regions encoding the signal peptide, miraculin, and YFP, respectively.
1768 A. Takai et al. / FEBS Letters 587 (2013) 1767–1772ﬂuorescent protein (YFP) at its carboxyl terminus into Arabidopsis
thaliana, and detected YFP ﬂuorescence at the plasma membrane
and in the space between the plasma membrane and cell wall.
Western blot analysis with a miraculin-speciﬁc antibody con-
ﬁrmed that native and recombinant miraculin were secreted out-
side the plasma membrane, and that recombinant miraculin was
retained inside the cell wall in Arabidopsis. We also evaluated
whether miraculin acted as a trypsin inhibitor, and found that nei-
ther native nor recombinant miraculin had trypsin inhibitory activ-
ity. Taken together, we conclude that miraculin is secreted by the
same mechanism as other Kunitz-type STIs, but that it has lost
its trypsin inhibitory activity.
2. Materials and methods
2.1. Construction of transgenes
To overexpress the recombinant miraculin without the signal
peptide in Escherichia coli, the previously constructed plasmid
pET14b-miraculin [8] was used. For further construction, the mir-
aculin cDNA fragment without the signal peptide was re-cloned
into the vector plasmid pUC119 (Takara-Bio), resulting inpUC119-miraculin. The upstream and downstream junction se-
quences of the cDNA are 50-TCTAGAATGGATTCG-30 and 50-TACT-
TCTAAGGATCC-30, respectively, in which restriction sites, Xbal at
the upstream junction and BamHI at the downstream junction,
are underlined. A miraculin cDNA fragment encompassing both
the signal peptide and miraculin regions was cloned into the vector
plasmid pCR-Blunt-II-TOPO (Invitrogen), and conﬁrmed by
sequencing. Sequences of its upstream and downstream junctions
are 50-TCTAGAATGAAGGAA-30 and 50-TACTTCTAAGGATCC-30,
respectively, in which restriction sites, Xbal at the upstream junc-
tion and BamHI at the downstream junction, are underlined. The
resulting plasmid was named as pCR-miraculin. To construct plas-
mids encoding the miraculin–YFP fusion protein with or without
the signal peptide sequence, the stop codon of miraculin in pCR-
miraculin or pUC119-miraculin was replaced with a BamHI site,
respectively, and then the YFP-coding fragment derived from pEY-
FP (Clontech) was inserted in frame at the BamHI site. The up-
stream and downstream junction sequences of the YFP-coding
fragment are 50-GGATCCACCATGGTG-30 and 50-TACAAGTAAGAG-
CTC-30, respectively, in which restriction sites, BamHI at the
upstream junction and Sad at the downstream junction, are under-
lined. The coding fragments of these recombinant miraculin genes
A. Takai et al. / FEBS Letters 587 (2013) 1767–1772 1769were inserted into the XbaI/SacI site of pBI121 (Clontech), a vector
plasmid for overexpression in plants under the control of the cau-
liﬂower mosaic virus 35S promoter.
2.2. Plant material, growth conditions, and transgenic plants
A. thaliana lines used were of the Columbia background. Arabid-
opsis plants were grown on agar medium containing Murashige
and Skoog (MS) salts, B5 vitamins, 1% sucrose, and 0.8% agar, under
a 16-h light/8-h dark cycle with ﬂuorescent light at 22 C unless
otherwise noted. The liquid culture medium was identical to the
agar medium except for the absence of agar. Strains of Agrobacte-
rium tumefaciens LBA4404 carrying each construct were used for
the transformation of A. thaliana by vacuum inﬁltration [20]. The
resulting transgenic plants were self-pollinated, and T3 homozy-
gous plants were used for analysis.
2.3. Detection of the miraculin–YFP fusion proteins in Arabidopsis cells
YFP, FM4-64 dye (Anaspec), and propidium iodide ﬂuorescence
was detected with a confocal-laser-scanning unit (CSU-X1; Yokog-
awa) and EM-CCD camera iXonEM+ model 897 (Andor Technology)
using the AxioPlan2 microscopy system (Carl Zeiss). Plant samples
were put in MS salt solution containing 1 lg/ml FM4-64 or 20 lg/
ml propidium iodide, and their ﬂuorescence signals were observed
independently from and simultaneously with that of YFP using a
488nm solid-state laser unit and appropriate band-pass emission
ﬁlters; 515–543 nm for YFP, and 604–679 nm for FM4-64 and pro-
pidium iodide. Plasmolysis was induced by treatment with 0.6 M
mannitol. iQ-core (Andor Technology) was used for image
processing.
2.4. Detection of recombinant and native miraculin in the supernatant
after cellulase treatment
About 100 surface-sterilized seeds of transgenic Arabidopsis
expressing recombinant miraculin were germinated in 50 ml of li-
quid culture medium in a 100-ml Erlenmeyer ﬂask. The seedlings
were cultured by shaking at 100 rpm at 22 C under a 16-h light/
8-h dark cycle. After 10 days of culture, about three ﬂasks of seed-
lings were incubated with 10 ml of protoplast formation reagent
(4% cellulase RS, 1% macerozyme R10 [Yakult Pharmaceutical
Industry Co. Ltd., Tokyo, Japan], 0.1% MES, 0.1% CaCl2, and 0.4%
mannitol) by rotating at 80 rpm for 5 h at 30 C, and centrifuged
(15000g, 30 min, 4 C). The supernatant was obtained by ﬁltering
through a cell strainer (BD Falcon) and 0.45-lm nylon membrane.
After dialysis against 1 L of 20 mM phosphate buffer (pH 6.8) at
4 C overnight, recombinant miraculin in the supernatant was par-
tially puriﬁed by SP-Sepharose chromatography and detected by
Western blot analysis using anti-miraculin antiserum, as described
previously [10]. For control experiments, anti-extensin (SantCruz,
USA) and anti-UDP-glucose pyrophosphorylase (UGPase) (Agtisea,
Sweden) antisera were used for Western blot analysis, respectively.
For detection of extensin in the supernatant, the sample was con-
centrated by immunoprecipitation with Protein G Sepharose. For
native miraculin, fruit ﬂesh from 10 miracle fruits stored at
80 C were incubated with 10 ml of protoplast formation reagent
by rotation at 80 rpm for 5 h at 30 C, after which the protoplastic
sample was subjected to the same procedure described for the
detection of recombinant miraculin.
2.5. Protease inhibition assays
Trypsin inhibitory activity was determined by measuring the
change in absorbance at 415 nm due to cleavage of the trypsin sub-
strate benzoylarginine-p-nitroanilide as described previously [21].The proﬁle of native and recombinant miraculin expressed in E.
coli. was described previously [10]. The recombinant monomer
miraculin was separated from the dimer by Ni-NTA agarose col-
umn [10] and used for this assay. Different amounts (0.02, 0.04,
0.06, 0.08 and 0.1 mg/ml) of native dimer and recombinant mono-
mer miraculin were preincubated with 0.2 mg/ml bovine trypsin
(Sigma) for 5 min at 25 C, then by addition of the trypsin substrate
(1 mg/ml), the trypsin inhibitory activity was determined after 10
min incubation in 0.2 ml of 0.1 M Tris–HCl buffer (pH 8.0) contain-
ing 10 mM CaCl2 at 25 C. Commercial STI (Wako, Tokyo, Japan)
was assayed under identical conditions as a control. Chymotrypsin
inhibitory activity was also determined by similar method using
chymotrypsin from bovine pancreas Type II (Sigma) and its sub-
strate succinyl-A-A-P-F-p-nitroanilide.3. Results and discussion
3.1. Subcellular localization of the miraculin–YFP fusion proteins in
Arabidopsis
To investigate the subcellular localization of miraculin, we
introduced transgenes stably expressing miraculin–YFP fusion pro-
teins with or without the miraculin signal sequence (Fig. 1A and B)
under the control of the CaMV 35S promoter into Arabidopsis. Fluo-
rescence from the YFP moiety was observed together with red ﬂuo-
rescence from FM4-64, which primarily stains the plasma
membrane. Fluorescence of the fusion protein derived from the
transgene without the signal-coding sequence was detected
around the nuclei and peripheral regions of root epidermal and
subepidermal cells (Fig. 2A), and root hair cells (Fig. 2B). Because
most of the intracellular space is occupied by an expanded vacuole
in mature Arabidopsis cells, the cytoplasm localizes mainly to re-
gions around the nucleus and close to the plasma membrane
[22]. Thus, this result indicates that the protein derived from the
transgene without the signal-coding sequence localized to the
cytoplasm.
On the other hand, the ﬂuorescence of the miraculin–YFP fusion
protein derived from the transgene with the signal-coding se-
quence was detected only at the plasma membrane in root epider-
mal and subepidermal cells (Fig. 2C), and root hair cells (Fig. 2D). In
the leaf epidermal cell layer, which was observed to determine the
detailed localization of the ﬂuorescence in cell border regions, sig-
nal was detected around the plasmamembrane in neighboring cells
but not at the cell wall in between (Fig. 2E). Although these results
suggest that the protein was localized to the plasmamembrane, the
possibility remained that it was secreted outside the plasma mem-
brane via the function of the signal peptide. To examine this, YFP
ﬂuorescence was observed together with the red ﬂuorescence from
propidium iodide, which primarily stains the cell wall. Under nor-
mal observation conditions, where the cell wall and the plasma
membrane are in close contact with each other, the YFP ﬂuores-
cence co-localized with that of propidium iodide in root hair cells
(Fig. 2F). After plasmolysis, which separates the plasma membrane
from the cell wall, YFP ﬂuorescence was noted predominantly
around the plasma membrane, with additional signal in the space
between the plasma membrane and cell wall (Fig. 2G), indicating
that an unignorable part of the protein was secreted outside the
plasma membrane and retained inside the cell wall.
From these results, we conclude that, in Arabidopsis, the miracu-
lin–YFP protein was secreted outside the plasma membrane
depending on the signal peptide found in other Kunitz-type STI
family members, and retained inside the cell wall after secretion,
with its main portion probably on the outer surface of the plasma
membrane. PSORT [23], a program for detecting sorting signals in
a protein and predicting its subcellular localization, predicted that
Fig. 2. Subcellular localization of the miraculin–YFP fusion proteins in Arabidopsis. The YFP ﬂuorescence of the fusion proteins derived from the transgenes without (A and B)
or with (C–G) the signal-coding sequence is shown together with the ﬂuorescence of FM4-64 (A–E) or propidium iodide (PI; F and G) in root epidermal and subepidermal cells
(A and C), root-hair cells (B, D, F, and G), or leaf epidermal cells (E). Plasmolysis was induced by mannitol treatment before the observation in G. Arrows indicate YFP
ﬂuorescence around the nuclei in A and B, around the plasma membrane in a cell border region in E, and in the space between the plasma membrane and cell wall in G.
Bar = 10 lm.
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Fig. 3. Detection of recombinant (A, B) and native (C, D) miraculin after cellulase
treatment. (A) Seedlings of transgenic A. thaliana expressing miraculin were grown
in MS liquid medium. Each protein fraction of the recombinant was detected by
Western blot analysis using anti-miraculin antiserum under non-reducing condi-
tion. The supernatant (4 lg, lane 1; 8 lg, lane 2) and precipitate (2.5 lg, lane 3; 5
lg, lane 4) after cellulase treatment are shown. (B) Each protein fraction of the
recombinant was detected by Western blot analysis using anti-miraculin, anti-
extensin or anti-UGPase antisera under reducing condition. The supernatant (5 lg
or estimated amount, lane 1) and precipitate (50 lg, lane 2) after cellulose
treatment are shown. (C, D) The protoplast of miracle fruits without skin and seed
was prepared as described in Section 2. Each protein fraction (1 lg) was detected by
Western blot analysis using anti-miraculin antiserum under reducing (C) or non-
reducing (D) condition. The supernatant after (lane 1) and before (lane 3) cellulase
treatment and the precipitate after (lane 2) and before (lane 4) treatment are
shown.
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leading to protein localization outside the plasmamembrane. Some
members of the Kunitz-type STI family have, in fact, been found to
be secreted proteins. Of these, miraculin is the ﬁrst case in which
the signal peptide was experimentally demonstrated to be respon-
sible for secretion. The secretion of STIs is reasonable because they
are believed to protect seeds against the proteases of predators and
pathogens. Although the reason for the secretion of miraculin is un-
clear, the functional conservation of the signal peptide suggests a
need for miraculin localization outside the plasma membrane.
3.2. Cellulase treatment and recovery of recombinant and native
miraculin from plant tissues
Miraculin–YFP was secreted outside the plasma membrane but
retained inside the cell wall in Arabidopsis cells. To conﬁrm that the
localization pattern was not inﬂuenced by the YFP moiety, we
examined recombinant miraculin with the original primary struc-
ture for its recovery from Arabidopsis cells treated with cellulase.
Transgenic Arabidopsis expressing miraculin with the original pri-
mary structure from a transgene carrying the signal-coding se-
quence was germinated and grown in liquid medium. Ten-day-
old seedlings were treated with cellulase under protoplast-forming
conditions, and supernatant and precipitate fractions were pre-
pared and examined for their miraculin contents by Western blot
analysis. As shown in Fig. 3A, recombinant miraculin was detected
in the supernatant (lanes 1, 2), but only weakly in the precipitate
(lanes 3, 4) after cellulase treatment. As a control experiment
(Fig. 3B), a cell-wall marker protein extensin as well as miraculin
was detected in the supernatant (lane 1), whereas a cytosolic mar-
ker protein UGPase was detected in the precipitate (lane 2) but not
the supernatant (lane 1). These results indicate that in Arabidopsis
non-fused miraculin was retained in the space between the plasma
membrane and cell wall. Comparing with Fig. 3B under reducing
conditions, gel electrophoresis under non-reducing conditions
(Fig. 3A) produced bands (lanes 1, 2) at a position corresponding
to the molecular weight of dimeric miraculin, suggesting that the
recombinant miraculin forms a homodimer with a disulﬁde bond
in between.
We next examined the effect of cellulase treatment on the
extraction of native miraculin from R. dulciﬁca fruit ﬂesh. As shown
in Fig. 3C, Western blot analysis detected native dimeric miraculin
in the supernatant (lane 1) but not in the precipitate (lane 2) after
cellulase treatment under protoplast-forming conditions. This
indicates that native miraculin was also secreted outside the plas-
ma membrane. In comparison, the protein was detected only in the
precipitate (lane 4), but not in the supernatant (lane 3), before cel-
lulase treatment. Although it is still unknown from this result
whether miraculin was retained inside the cell wall in the fruit
ﬂesh, the cell wall is thought to be a predominant barrier on the
preparation of miraculin. Gel electrophoresis under reducing con-
ditions (Fig. 3D) produced bands (lanes 1, 4) at a position corre-
sponding to the molecular weight of monomer miraculin as
reported previously [10]. The additional intense band observed in
lane 1 at about 19 kDa corresponds to miraculin that was partially
degraded during cellulase treatment.
Recently, the subcellular localization of miraculin was investi-
gated in R. dulciﬁca and transgenic tomato by immunoelectron
microscopy, observation of miraculin–GFP fusion proteins, and
immunological detection after fractionation [24]. The results of
that study coincide with ours in that miraculin was detected out-
side the plasma membrane. On the other hand, immunoelectron
microscopy showed that native miraculin in R. dulciﬁca and recom-
binant miraculin expressed in transgenic tomato were detected
primarily in intercellular layers and junctions, while a signiﬁcant
part of native miraculin remained in the space between the plasmamembrane and the cell wall at a green fruit stage [24]. One possi-
bility is that the apoplastic condition of Arabidopsis tissues is sim-
ilar to that of immature R. dulciﬁca fruits. In our study, cellulase
treatment under mild conditions for protoplast formation was
effective for the extraction of miraculin from the R. dulciﬁca fruit
ﬂesh as well as Arabidopsis tissues. This method may be applicable
to preparing native and recombinant miraculin with good purity
from plant tissues.
3.3. Lack of STI activity in miraculin
Next, we evaluated whether miraculin had STI activity. Miracu-
lin forms a homodimer with a single inter-chain disulﬁde bond,
whereas typical Kunitz-type STIs exist as monomers. We found
that recombinant miraculin expressed in E. coli had taste-modify-
ing effects as a homodimer, but not as a monomer. Because such
states of higher protein structure might affect the protease func-
tion of Kunitz-type STIs, both forms of miraculin (homodimer
and monomer) were examined for STI activity. As shown in
Fig. 4, neither native miraculin, which occurs as a homodimer,
nor recombinant miraculin, prepared from E. coli as a monomer
[10], had STI activity. Moreover, no chymotrypsin inhibitor activity
was observed in miraculin (data not shown). Although the
functional expression of recombinant STIs including monomer
Fig. 4. Trypsin inhibitory assay using native and recombinant miraculin. Various
amounts of native dimeric miraculin and recombinant monomeric miraculin
expressed in Escherichia coli were examined for trypsin inhibition activity. The
inhibitory activity of commercial STI was measured as a positive control.
1772 A. Takai et al. / FEBS Letters 587 (2013) 1767–1772miraculin-like proteins in E. coli has been reported [18,19,25], the
possibility cannot be excluded that the molecular function of
monomeric miraculin was affected by incorrect folding in E. coli,
where no protein glycosylation occurs. These results may suggest
that miraculin gained taste-modifying activity but lost its STI activ-
ity during its evolution.
In summary, our results indicate that miraculin is secreted out-
side the plasma membrane through the function of the signal pep-
tide conserved in Kunitz-type STI family members, whereas it may
be lost its trypsin inhibitory activity during its functional evolution
as a taste-modifying protein. Kunitz-type STIs have been found to
have functions other than trypsin inhibition. In such a function,
miraculin might share a commonmolecular mechanism with other
members of the Kunitz-type STI family.
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